Contributions from physics beyond the Standard Model, strange quarks in the nucleon, and nuclear structure effects to the left-right asymmetry measured in parity-violating (PV) electron scattering from 12 C and the proton are discussed. It is shown how lack of knowledge of the distribution of strange quarks in the nucleon, as well as theoretical uncertainties associated with higher-order dispersion amplitudes and nuclear isospin-mixing, enter the extraction of new limits on the electroweak parameters S and T from these PV observables.
Introduction
It has recently been suggested that measurements of the "left-right" helicity difference asymmetry (A LR ) in parity-violating (PV) elastic electron scattering from 12 C nuclei and of the weak charge (Q W ) in atomic PV experiments using 133 Cs are potentially sensitive to certain extensions of the Standard Model at a significant level. 1 In particular, these observables carry a non-negligible dependence on the so-called S-parameter characterizing extensions of the Standard Model which involve degenerate multiplets of heavy fermions. 2 It is argued that a 1% measurement of A LR ( 12 C) or a 0.7% determination of Q W ( 133 Cs) (equivalent to a 1% determination of the weak mixing angle) would constrain S to |δS| ≤ 0.6, a significant improvement over the present limit of δS = ±2.0 (exp't) ± 1.1 (th'y) obtained from Q W ( 133 Cs). 1 The level of systematic precision achieved in the recently completed MIT-Bates measurement of A LR ( 12 C), 3 along with prospects for improving statistical precision with longer run times at CEBAF or MIT-Bates, suggest that a 1% A LR ( 12 C) measurement could be feasible in the foreseeable future. Similarly, improvements in atomic structure calculations 4 have reduced the theoretical error in Q W ( 133 Cs) to roughly 1%, and the prospects for pushing the experimental uncertainty below this level also appear promising. 5 If such high-precision, low-energy measurements were achieved, the resultant constraints on non-standard physics would complement those obtainable from measurements in the high-energy sector. The latter are generally equally sensitive to both S and the T -parameter, where the latter characterizes standard model extensions involving non-degenerate heavy multiplets.
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In this work, we point out the presence of terms in A LR ( 12 C) not considered in Ref. [1] involving nucleon and nuclear structure physics which must be experimentally and/or theoretically constrained in order to achieve the limits on S suggested above. Specifically, we consider contributions involving the distribution of strange quarks in the nucleon, multiboson "dispersion corrections" to tree-level electromagnetic (EM) and weak neutral current (NC) amplitudes, and isospin impurities in the nuclear ground state. We show that lack of knowledge of ρ s , the dimensionless mean square "strangeness radius", introduces uncertainties into A LR ( 12 C) at a potentially problematic level. We further show how a series of two measurements of A LR for elastic scattering from 4 He could constrain ρ s sufficiently to reduce the associated uncertainty in A LR ( 12 C) to below 1% . In addition, we observe that an improved theoretical understanding of dispersion corrections and isospin impurities for scattering from (J π , I) = (0 + , 0) nuclei is needed in order both to determine ρ s at an interesting level and to constrain S to the level suggested in Ref. [1] . For comparison, we also discuss briefly the interplay of nucleon strangeness and non-standard physics in PV elastic ep scattering and atomic PV. In the former instance, a 10% determination of A LR ( ep)
at forward-angles could yield low-energy constraints on S and T complementary to those obtained from either atomic PV or A LR ( 12 C), if the strangeness radius were constrained to the same level as appears possible with the aforementioned series of 4 He measurements. A determination of ρ s with PV ep scattering alone would not be sufficient for this purpose.
In contrast, the impact of strangeness on the interpretation of Q W ( 133 Cs) is significantly smaller, down by at least an order of magnitude from the dominant atomic theory uncertainties. Only in the case of PV experiments with heavy muonic atoms might ρ s enter at a potentially observable level. Other prospective PV electron scattering experiments -such as elastic scattering from the deuteron or quasielastic scattering -are discussed elsewhere.
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2. Hadronic neutral current, new physics and strangeness
The low-energy PV observables of interest here are dominated by the charge (µ = 0) component of the hadronic vector NC. In terms of quark fields, the nuclear vector NC operator may be written in terms of the isoscalar and isovector EM currents and a strange quark current:
where V 
where sin 2 θ W is the weak mixing angle and the R (a) V are higher-order corrections to treelevel electron-nucleus NC amplitudes. In addition, one may define couplings which govern the low-|Q 2 | NC charge scattering from the neutron and proton:
At the operator level, the ξ V 's are determined entirely in terms of couplings of the Z 0 to the (u, d, s) quarks, including contributions from radiative corrections within or beyond the framework of the Standard Model, both of which may be included in the R arising from strong interactions between quarks in intermediate states. 10, 11 Further contributions arising from isospin impurities in the nuclear ground state are discussed below.
Corrections owing to neglect of the (c, b, t) quarks in writing Eq. (1) have been estimated in Ref. [12] and may be included in the R 
Within the framework of Ref. [1] , a value of the top-quark mass differing from 140 GeV would also generate a non-zero contribution to T . The different linear combinations of S and T appearing in Eqs. (4) suggest that a combination of PV electron scattering experiments could provide interesting low-energy constraints on these two parameters.
One such scenario is illustrated in Fig. 1 
V , and Q W ( 133 Cs), so that a determination of the former would further complement any low-energy constraints attained from the latter. 14 It is unlikely, however, that the experimental and theoretical uncertainties associated with A LR (N → ∆) will be reduced to the level necessary to make such a measurement relevant as an electroweak test in the near term. 8, 14 Consequently, a combination of PV scattering experiments on 12 C and/or the proton, together with atomic PV, appear to hold the most promise for placing lowenergy, semileptonic constraints on new physics. Before such a scenario is realized, however, other hadronic physics dependent terms entering the PV asymmetries must be analyzed.
We now consider these additional contributions, focusing first on the simplest case of 12 C.
PV elastic scattering from carbon
In the limit that the 12 C ground state is an eigenstate of strong isospin, matrix elements of the isovector component of the current in Eq. (1) vanish. Moreover, since this nucleus has zero spin, only monopole matrix elements of the charge operator contribute. In the absence of the strange-quark term in Eq. (1), one has g.s. ρ
In short, the asymmetry becomes independent of the nuclear physics contained in the EM 
where 
where R 
where the M i are the amplitudes associated with the diagrams in Fig. 2 . For simplicity, we consider only the first terms on the right side of Eqs. (7). The arguments for the remaining terms are similar. For these terms one has
where the W µν are hadronic tensors formed from products of the hadronic electromagnetic and weak neutral currents, and where theL µν are the corresponding tensors formed from the leptonic side of the diagrams in Fig. 2 . The W µν are identical to the tree-level hadronic tensors, since the only differences between the diagrams of Fig. 2 and the tree-level graphs involve the lepton line. For the leptonic tensors, one has after averaging over initial and summing over final states
where
are the initial (final) electron momenta, q µ is the momentum of the outgoing photon having polarization ε µ , s µ is the initial electron spin, and g Taking the electron and radiated photon on-shell (
e , q 2 = 0) and working in the extreme relativistic limit (E e /m e >> 1) for which s µ → (h/m e )K µ , with h being the electron helicity, one has 
Since A LR = (dσ
)/dσ EM , and since the quantities inside the square brackets in Eqs. (11a) and (11b) are identical, they cancel from the asymmetry. It is straightforward to show that this cancellation occurs even when the remaining terms in Eqs. (7) are included. In short, the bremsstrahlung contributions drop out entirely from A LR , leaving the expression of Eq. (5) unchanged. One could, of course, attempt to be more rigorous and integrate bremsstrahlung cross sections over the detector acceptances, etc. In doing so, however, one would only modify the form of the expressions inside the square brackets in Eqs. (11) and not change the fact that they are identical in the two equations. The cancellation of bremsstrahlung contributions to the asymmetry would still obtain in this case. We note that this result does not carry over to nuclei having spin > 0. In the latter case, A LR receives contributions from the leptonic vector NC (first term on the right side of Eq. (10)). There exists no term in dσ Returning to the remaining terms in Eq. (6), we emphasize that in contrast to the first three terms, the remaining terms are theoretically uncertain, due to the present lack of tractable methods for calculating low-energy strong interaction dynamics from first principles in QCD. Of particular concern are multi-boson-exchange dispersion contributions to R I=0 V (had), such as those generated by the diagrams of Fig. 3 . We note that nei-
E -term of Eq. (5) nor the nuclear, many-body contributions to the dispersion corrections were included in the discussion of Ref. [1] .
We first consider the impact of strangeness on the extraction of S from A LR ( 12 C).
To that end, we employ an "extended" Galster parameterization 21 for the single-nucleon form factors appearing in Eq. (5):
is the standard dipole form factor appearing in nucleon form factors, and 
neglecting R
V . Taking the average value for ρ s predicted in Ref. [22] , choosing λ and run time T = 1000 hours. 26 The constraints resulting from these two prospective measurements are shown in Fig. 4 . Since nothing at present is know experimentally about
E , we assume two different models for illustrative purposes: (A) (|ρ s |, λ
The value of |ρ s | in model (B) corresponds roughly to the average prediction of Ref. [22] . From these results, we find that for model (B), the uncertainty remaining in G These observations imply that the extraction of interesting constraints on S, T , and
E from measurements of A LR for spin-0 nuclei in this region is likely to be more difficult than for spin-0 nuclei in the 1s-1p shell. On the other hand, such measurements could provide a new window on certain aspects of nuclear structure. Since the EM charge radius can be determined quite precisely using, e.g., parity-conserving (PC) electron scattering, a measurement of A LR would provide a way to determine R n . A 1% determination of R n appears to be achievable. For a nucleus such as 133 Cs, with its importance for atomic PV, it may prove useful to employ electron scattering to explore some of these issues. 
PV elastic scattering from the proton
As illustrated in Fig. 1 , A LR ( ep) carries a stronger dependence on T than either
, so that a measurement of the former, in combination of one or both of the latter, could provide an interesting set of low-energy constraints on S and T . Naïvely, one might expect the interpretation of A LR ( ep) to be simpler than that of
, since one has no many-body nuclear effects to take into account. However, the spin and isospin quantum numbers of the proton allow for the presence of several form factors in A LR ( ep) not appearing in the 12 C asymmetry, with the result that the interpretation of PV ep scattering is in some respects more involved than that of elastic scattering from (0 + , 0) nuclei. A detailed discussion of PV elastic ep scattering can be found in Refs. [6, 31, 32] , and we focus here solely on scattering in the forward direction.
At low momentum transfer and in the forward direction, the ep asymmetry has the
where a o ≈ 3 × 10 scattering angle expected to be achievable at CEBAF Hall C. In order to achieve the 10% statistical uncertainty needed for the constraints in Fig. 1 , a 1000 hour experiment would be needed, assuming 100% beam polarization. Under these conditions, the impact of form factor uncertainties on a determination of ξ E . An uncertainty in the strangeness radius of δρ s = ±2 (corresponding to the magnitude of the prediction in Ref. [22] ) would induce nearly a 30% uncertainty in the extracted value of ξ p V , a factor of three greater than the uncertainty assumed in Fig. 1 .
Similarly, an uncertainty in the value of µ s of ±0.3, also corresponding to the magnitude of the prediction in Ref. [22] , would generate roughly a 20% error in ξ p V .
These statements point to the need for better constraints on the strangeness form factors if an interesting Standard Model test is to be performed with PV ep scattering.
Turning, then, to strategy (b), we consider the constraints one might place on these form factors with a moderate-τ A LR ( ep) measurement. The difficulty here is that it is not possible to separate the form factors with ep scattering alone. As discussed in Ref. We show in Fig. 4 the constraints in (ρ s , λ
E ) space such a measurement might achieve, assuming experimental conditions similar to those of recent CEBAF proposals. 33−35 We note that these constraints would not be sufficient to permit either a 10% determination of 
Atomic PV
One should expect the impact of form factor uncertainties on the interpretation of Q W to be considerably smaller than for electron scattering asymmetries, due to the very small effective momentum-transfer associated with the interaction of an atomic electron with the nucleus. Below, we quantify this statement with regard to the strangeness form factors, and note that only in the case of PV experiments with heavy muonic atoms might nucleon strangeness contribute at an observable level. To that end, consider the PV atomic hamiltonian which induces mixing of opposite-parity atomic states and leads to the presence of Q W -dependent atomic PV observables:
whereψ e ( x) is the electron field and ρ N C ( x) is the Fourier Transform of ρ N C ( q), the matrix element of the charge component of Eq. (1). For simplicity, we have omitted terms involving the spatial components of the nuclear vector NC as well as the nuclear axial vector NC.
For a heavy atom, the leading term in Eq. (14) is significantly enhanced relative to the remaining terms by the coherent behavior of the nuclear charge operator. Consequently, one typically ignores the contribution from all magnetic form factors. Following Ref. [36] , we write the matrix element of the leading term inĤ atom P V between atomic S 1/2 and P 1/2 states in the form P |ψ † e ( x)γ 5ψe ( x)|S = N C sp (Z)f (x), where N is a known overall normalization, C sp (Z) is an atomic structure-depende nt function, and
gives the spatial-dependence of the electron axial charge density. In a simple model where a charge-Z nucleus is taken as a sphere of constant electric charge density out to radius R, one has x o = R/Zα neglecting small corrections involving the electron mass. In this case, atomic matrix elements of Eq. (14) become
with h(x) = f (x) − 1, and with I 0 Ô I 0 denoting reduced matrix elements of a nuclear operatorÔ in a nuclear ground state having nominal isospin I 0 . The terms in Eq. (16a) are those usually considered in analyses of Q W . The term ∆Q (n, p) W carries a dependence on the ground-state neutron radius, R n . The impact of uncertainties in R n on the use of Q W for high-precision electroweak tests has been discussed in Refs. [36, 37] . Eqs. (16c) and (16d) give, respectively, the leading contributions to Q W from G at an observable level. Consequently, one must go to heavy muonic atoms. While the sensitivity of the latter to R n -uncertainties is also enhanced, these uncertainties could be reduced through a combination of PC and PV elastic electron scattering experiments. 6, 19 Given the simplicity of atomic structure calculations for muonic Cs or Pb (essentially a one-lepton problem), the theoretical atomic structure uncertainties entering Q W -determinations should not enter at a level problematic for G (s) E determinations. Thus, an experiment of this type could complement PV electron scattering as a probe of strange quarks in the nucleon. The remaining obstacle is the experimental one of achieving sufficient precision. To this end, it would be desirable to find a heavy muonium transition for which the PV signal is enhanced by accidental near degeneracies between opposite-parity atomic levels.
Conclusions
With any attempt at a precision electroweak test involving a low-energy hadronic system, one must ensure that all sources of theoretical hadronic physics uncertainties fall below the requisite level. The situation contrasts with purely leptonic or high-energy electroweak tests. In the former case, given a model of electroweak interactions, one can make precise and unambiguous predictions for different observables, up to uncertainties associated with unknown parameters (e.g., m t and M H ) and with hadronic loops. In the latter instance, strong-interaction uncertainties are controllable through the use of a perturbative expansion and QCD. In the non-perturbative low-energy regime, however, one must rely on the use of symmetries as well as model estimates of, or independent experimental constraints on, hadronic effects. The scale of uncertainty in a low-energy semi-leptonic electroweak test, then, is set by experimental input and, where such is lacking, any reasonable model estimate. In the foregoing discussion, we have noted that completion of one or more PV electron scattering experiments has the potential to complement atomic PV as a low-energy probe of new physics. At present, however, experimental limits on nuclear dispersion corrections, as well as theoretical predictions for the nucleon's strangeness form factors, indicate that these two sources of hadronic physics uncertainty are too large to make interesting electroweak tests possible with low-energy polarized electrons. We have shown how a series of PV elastic scattering experiments with 4 He could reduce the uncertainty associated with the strangeness radius below a problematic level. Achieving a better understanding of nuclear dispersion corrections remains a challenge for both experiment and theory. (Fig. 2a,b ) and weak neutral current (Fig. 2c,d ) scattering from a hadronic target. Target bremsstrahlung is assumed to be negligible for low-energy (small recoil) processes. 
